The icy moons are in the focus of the exploration plans of the leading space agencies because of the indications of water-based life and geological activity observed in a number of these objects. In particular, the presence of geyser-like jets of water near Enceladus' south pole has turned this moon of Saturn into a priority candidate to search for life and habitability features. This investigation proposes a set of trajectories between Halo orbits about Lagrangian points L 1 and L 2 in the Saturn-Enceladus Circular Restricted Three-Body Problem as science orbits for a future in situ mission at Enceladus. The methodology adopted to design these heteroclinics is presented and discussed. This is followed by the analysis of the observational performance of the solutions, including orbital periods, distance ranges from the surface of Enceladus, orbital elements, speeds in the moon-centered inertial reference frame, instantaneous surface coverage, times of overflight and ground tracks. The conclusion of the analysis is that the proposed orbits exhibit suitable features for their use in the scientific exploration of Enceladus, i.e., long transfer times, low altitudes, wide surface visibility windows and long times of overflight.
Introduction
In the framework of the new generation of solar system exploration missions, high priority is given to the observation of the so-called Inner Larger Moons of Saturn, namely, Mimas, Enceladus, Tethys and Dione [1] . In particular, the geyser-like jets venting water vapor, ammonia, salts, hydrogen and organics observed by Cassini at the south pole of Enceladus in 2005, 2008 and 2015 [2, 3, 4, 5, 6, 7, 8] have placed this moon among the targets to search for life and habitability features in the outer solar system (see also [9] ). The scientific questions related to the nature of Enceladus' ejecta can only be answered by carrying out dedicated missions capable of extended observations of the key features observed during Cassini's close passages. This raises the need for specialised orbits offering long close-up views of the surface of this moon.
The design of science orbits around planetary satellites brings challenges because of the perturbing effect of the planet's gravity. Near-polar orbits around Enceladus are unstable and can only be reached by expensive change-of-plane maneuvers [10] . Previous studies for planetary probes have managed to identify long-term stable orbits in Saturn-Enceladus Hill's model. For example, Russell & Lara [11] performed a global grid search in the unaveraged Saturn-Enceladus Hill's model including the spherical lunar gravity terms, and identified long-term stable orbits with altitudes near 200 km and inclinations approaching 65 • . Lara et al. [12] computed a higher-order approximation in the averaged Hill's model and applied it to the Saturn-Enceladus system, finding a stable, quasi-circular frozen orbit around the moon with average altitude and inclination of 183 km and 61 • , respectively.
This contribution presents a systematic design and analysis of orbits around Enceladus in the Saturn-Enceladus Circular Restricted Three-Body Problem (CR3BP). This model accounts for the perturbing effect of the planet's gravity and offers very good approximations to n-body solutions since the influence of the other moons is negligible owing to their small masses and their large distances from Enceladus. Since the goal is to observe the south pole of this moon, the orbits must develop in 3D. Halo orbits, a type of periodic Libration Point Orbits (LPOs) around the Lagrange points L 1 and L 2 [13, 14] are here computed for the Saturn-Enceladus system and employed as the end points of heteroclinic transfers, i.e., trajectories connecting two orbits. These trajectories exhibit a significant out-of-plane component (inherited by their progenitor Halo orbits) and make close approaches to the surface of the moon. The computation is based on finding the intersections between the stable and unstable hyperbolic invariant manifolds (HIMs) of the departure and arrival orbits. The reader is referred to the fundamental work of Gómez et al. [15] , Canalias & Masdemont [16] and Barrabés et al. [17] for the computation of heteroclinic connections between LPOs in the Sun-Earth and Earth-Moon systems using HIMs, and to Davis et al. [18] for the application to the design of a heteroclinic connection between Halo orbits of L 1 and L 2 in the Saturn-Enceladus system. The present investigation confirms and extends the latter work and identifies more connections. The existence of maneuver-free heteroclinics and the periodic character of the Halo orbits can be exploited to construct a fuel-efficient exploration tour of the moon made of chains of itineraries in which the departure and arrival Halo orbits are used as parking orbits between consecutive transfers and as gates to reach other moons in the system. The latter concept would extend to three dimensions the low-energy, low-thrust inter-moon connections designed in previous contributions by these and other authors [19, 20, 21] .
The heteroclinic connections between Halo orbits at Enceladus are here proposed as science orbits for the observation of the surface features of interest. Hence, an important aspect of the work is the study of the observational performance of these trajectories. Kinematical and geometrical parameters such as transfer times, distances from the surface, speeds relative to an Enceladuscentered inertial frame, times of overflight, instantaneous and cumulative surface coverage parameters, ground tracks are computed and analysed aiming at assessing the suitability of the computed solutions for scientific use. A preliminary stage of this work was presented in Salazar et al. [22] .
The paper is organised as follows. Section 2 summarizes the relevant characteristics of the CR3BP and illustrates the families of Halo orbits around L 1 and L 2 computed and employed in this work. The methodology adopted for the design of connections between these orbits and the resulting solutions are presented in Sect. 3. Section 4 exposes the observational properties of the computed trajectories. Discussion and conclusions follow in Sect. 5.
The CR3BP, Halo orbits and their stable and unstable HIMs
The CR3BP models the motion of a massless body (here the spacecraft, S/C) subjected to the gravitational attraction of two primaries of mass m 1 (the first primary, here the planet) and m 2 (the second primary, here the moon), assumed to move on circular orbits about their center of mass [23] . The equations of motion of the third body are conveniently expressed in the synodical barycentric reference frame where the two primaries are stationary. The total mass (m 1 + m 2 ) of the system and the distance r 0 between the primaries are adopted as the units of mass and length, respectively. The unit of time is defined by setting the period T of the orbits of the primaries equal to 2π. This corresponds to assigning unit value to their orbital mean motion. As a result, the positions of the primaries in normalised units are (µ, 0, 0) and (µ − 1, 0, 0), respectively ( Fig. 1) , µ being the normalised mass of the second primary and the mass ratio of the system: µ = m 2 / (m 1 + m 2 ).
The motion of the S/C is governed by the system of equations
in which x, y, z,ẋ,ẏ,ż,ẍ,ÿ,z are the components of position, velocity and acceleration in the synodical barycentric reference frame, and is the so-called effective potential, with r 1 = (x − µ) 2 + y 2 + z 2 and r 2 = (x + 1 − µ) 2 + y 2 + z 2 the distances of the S/C from the primaries. The CR3BP admits one integral of motion, the Jacobi constant C J , defined as
C J is related to the mechanical energy E through C J = −2E. Five equilibrium points, denoted L i , i=1,2,..,5, further characterize the system, the first three -the so-called collinear points-lying on the x-axis at positions which depend on the value of µ (L 1 between the primaries, L 2 to the left of the second primary and L 3 to the right of the first primary). The remaining two form equilateral triangles with the primaries in the xy-plane (see Fig. 1 ). When m 2 m 1 , L 1 and L 2 approximately lie at the intersections of the x-axis with the Hill sphere, centered at the smaller primary and having radius [24] r H = 1 3 Table 1 reports the basic features of the Saturn-Enceladus CR3BP. The linear approximation of Eqs. (1) close to an equilibrium point leads to families of LPOs. Halo orbits around L 1 and L 2 have been computed and used in this work owing to their out-of-plane component, which offers opportunities for extended coverage of Enceladus' surface. Each libration point admits two symmetric families of Halos, the so-called Northern and Southern Halo orbits [14] , the symmetry being across the xy-plane: a Southern Halo orbit can be Table 1 : Basic features of the Saturn-Enceladus CR3BP: mass of Saturn (m 1 ), mass ratio (µ), mean physical radius of Enceladus (R), distance between Saturn and Enceladus (r 0 ), orbital period of the system (T ), radius of the Hill sphere (raw data from [25] ).
5.68336 · 10 26 1.899309 · 10 −7 252.1 2.38042 · 10 5 1.37 948.7
obtained from a Northern Halo orbit through the transformation z → −z,ż → −ż. Families of Halo orbits have been computed over a wide energy interval and using an energy discretization such that all the families have 100 members at identical values of C J between 3.000055 and 3.000131. The periods are between 0.6 and 0.7 days. Figure 2 shows the four families of Northern and Southern Halo orbits around L 1 and L 2 . The reference frame with axes ξ, η and ζ is synodical and centered at Enceladus, and the units are unnormalised. The desired branches of the stable and unstable HIMs of the Halo orbits have been approximated by applying a suitable small perturbation in the direction of the stable and unstable eigenvector of the monodromy matrix after appropriate time-transformation through the state transition matrix. Then, these states have been propagated backward and forward in time to globalize the respective trajectories [26] . Figure 3 shows the stable (in blue) and unstable (in red) HIMs of Northern Halo orbits around L 1 and L 2 with C J = 3.000102. It has been observed that many trajectories impact Enceladus soon after leaving the vicinity of the Halo orbit as a consequence of the large size of the moon relative to its Hill sphere (respective radii of 252 and 949 km), and this complicates the design of transfers between Halo orbits in the system (see also [18] ). In this exploration, the search for heteroclinic connections has been conducted between orbits with the same Jacobi constant. This facilitates the identification of very low-cost transfers by the method explained below. 
Computation of heteroclinic connections between Halo orbits
Intersections between HIMs of different stability character and belonging to different Halo orbits constitute the mechanism here explored to move within the Hill sphere of Enceladus and perform close approaches to the moon. In the spatial CR3BP, six state variables characterize a trajectory in phase space. Hence, the above intersection is not easy to determine. Poincaré sections are a way of reducing the dimension of a trajectory, thus facilitating its visualization [27, 28] . In the case at hand, the intersections with a plane in configuration space reduces the dimensionality to five. Adding the Jacobi constant as a relationship among variables removes one more dimension. Hence, eventually the cuts of the HIMs with the plane must be analysed in four dimensions. Different representations have been proposed to visualize four state variables. For example, Haapala & Howell [29, 30] adopted a single segment to represent simultaneously four states: two states are indicated by the coordinates of the segment base-point, and two additional coordinates are represented by the length. Geisel [31] represented y, z,ẏ in a three-dimensional visual environment in whichż is displayed using color. Paskowitz & Scheeres [32] and Davis et al. [18] chose spherical coordinates to represent the states at the closest approach to the primary (periapsis map).
In this work, heteroclinic connections are designed by propagating the HIMs until their first crossing with the plane Σ defined by x = µ − 1. Σ is orthogonal to the x-axis through the center of Enceladus. Numerical experiments showed that this choice is the most suitable to obtain a transversal cut of the flow. Given the symmetries of the problem, only transfers for whichẋ > 0 at the first crossing of the HIMs with Σ have been considered. Then, a planar visualization based on drawing a vector to represent y, z,ẏ,ż has been adopted: the origin of the vector defines the yz-position, whereas its length and orientation indicate the corresponding velocity projection (Fig. 4) . The remaining component of the state, namelyẋ, is determined by the value of C J . A zero-cost heteroclinic connection exists between two Halo orbits with the same C J when two vectors from their HIMs coincide in position, magnitude and direction in the above described Poincaré section. In practice, the solution is built by identifying the trajectories whose vectors differ the least. Such differences constitute the position and velocity error of the solution. A requirement for distance and velocity errors to be respectively less than 1 km and 1 m/s for a connection to be accepted has been introduced. Additionally, a safety distance of 20 km from the surface of Enceladus has been imposed.
As an example, consider the transfer from a Southern Halo orbit around L 2 to a Northern Halo orbit around L 1 with C J = 3.000118. The majority of trajectories (about 65%) either impact Enceladus or escape from the Hill sphere. Figure 5 Owing to the symmetries of the model, four types of heteroclinic connections between Northern and Southern families need to be explored in order to account for all the possible combinations of departure and arrival orbits. These are: Northern L 1 to Northern L 2 (type A), Southern L 2 to Northern L 1 (type B), Northern L 1 to Southern L 1 (type C) and Southern L 2 to Northern L 2 (type D).
The application of the above method to the families of Halo orbits described in Sect. 2 has allowed to identify four solutions with position and velocity errors below the chosen threshold: two transfers between L 1 and L 2 with C J = 3.000118, and two transfers with C J = 3.000072 between Northern and Southern orbits around the same libration point. It is worth noting that the solution of type A of this investigation is in good agreement with the result of Davis et al. [18] .
The time of flight along the solutions ranges from 38.4 to 57.6 days. Table 2 summarizes the basic features of these heteroclinics, i.e., connection type, Jacobi constant, time of flight, and distance and velocity errors. An Enceladus-centered reference frame with inertial axes X, Y , Z has been introduced. X, Y , Z are assumed to be parallel to x, y, z at the beginning of a transfer (t=0). Figs. 11 to 13 ). All elements vary considerably as a result of the perturbing effect of Saturn's gravity. It is interesting to note the wide range of values covered by inclination and eccentricity, the latter reaching as high as 1, i.e., the escape condition. Figure 14 shows the time history of the altitude h and the magnitude v of the inertial velocity of the S/C over the heteroclinic connections of Figs. 7 to 10. The minimum altitude above the lunar surface is 150 km for the solutions with C J = 3.000118, and approximately 300 km for those with C J = 3.000072, whereas the maximum altitude is 850 km and 1000 km, respectively. The velocity is always lower than 150 m/s. For the sake of comparison, Fig. 15 shows the magnitude of the circular velocity on Keplerian orbits in the same range of altitudes as the solutions here discussed. The instantaneous coverage of the surface of the moon can be quantified by the parameters Λ 1 and Λ 2 shown in Fig. 16a . They represent the limits of the central angle of coverage of amplitude 2α and are measured positively northwards from the equator. The angle α depends on the equatorial radius R 
Observational performance
If φ denotes the latitude of the S/C, then Λ 1 and Λ 2 are defined as
For example, when φ = 40 • and h = 500 km, α = 70.4 • , Λ 1 = −30.4 • , Λ 2 = 110.4 • and the instantaneous coverage extends from below the equator till beyond the north pole (Fig. 16a ). For φ = 65 • and h = 200 km, α = 56.1 • , Λ 1 = 8.9 • , Λ 2 = 121.1 • and the S/C can see part of the northern hemisphere including the pole but does not see the equator (Fig. 16b) . Eventually, for a polar view with φ = −90 • and h = 200 km, α = 56.1 • , Λ 1 = −146.1 • , Λ 2 = −33.9 • and the visible area is centered around the south pole (Fig. 16c) . Therefore, when the interval [Λ 1 ,Λ 2 ] includes either −90 • or +90 • , the S/C has access to the corresponding pole. The time history of Λ 1 and Λ 2 for the transfers of Figs. 7 to 10 is visualised in Fig. 17 (this figure contains three plots because the results for Figs. 9 and 10 are identical). The significant out-of-plane motion of these trajectories allows observation of both polar regions. The yellow areas in Fig. 17 represent the instantaneous amplitude of coverage as a function of time, limited by the curves of Λ 1 and Λ 2 . The plots also show the altitude of the S/C, whereas the horizontal dashed lines indicate the two poles. The total duration of the observation windows for the south pole amounts to approximately 4 hours per transfer when C J = 3.000118 (type A), just above 6 hours when C J = 3.000118 (type B) and 21 hours when C J = 3.000072 (types C and D).
Additionally, we have computed the total time of overflight τ (defined as the total access time of a specific surface point) for the entire surface of Enceladus on each transfer. This parameter depends on the visibility of a given point from the S/C and this, in turn, is expressed by the condition ≥ 0, where is the elevation of the S/C on the local horizon (see Fig. 18 ). By discretising ∆T in N intervals of duration δt and assigning to each an elementary time of overflight δτ i (i = 1,2,...,N ), yields the total time of overflight τ at the given location as
The computation of τ has been carried out in the Enceladus-centered synodical frame, in this way taking into account the effect of the spin which is synchronised with the orbital motion. Thus, point G (Fig. 18 ) is stationary and its components are given by
with λ and β the geographical longitude and latitude of G. Then, the coelevation θ of the S/C from G is obtained through
with r = (ξ, η, ζ) T the Enceladus-centered synodical position vector of the S/C at the given time. Eventually, Figure 11 : Evolution of the osculating orbital elements for the trajectory of type A shown in Fig. 7 (Enceladus-centered reference frame with inertial axes).
The geographical maps of τ reported in Fig. 19 have been obtained by discretising the surface of Enceladus at intervals of 0.01 radians in longitude and latitude. Eventually, we have computed the ground track of the S/C, i.e., the projection of the S/C's orbit onto the surface of Enceladus. Figure 20 shows the result for the four solutions of this study.
Discussion and conclusions
The discovery of geyser-like jets from the south pole of Enceladus makes this moon remarkably interesting from the scientific point of view. This fact is boosting plans for the robotic exploration of this realm. The need for suitable science orbits cannot be satisfied by conventional moon-S/C two-body solutions, given the strong instabilities caused in this case by the gravity of the planet. Following the path traced by other contributions in the framework of the CR3BP and Hill's model, this work proposes the use of periodic solutions around libration points, in particular Halo orbits, to generate low-energy trajectories for scientific purposes. Such trajectories are heteroclinic connections between Northern and Southern Halo orbits around L 1 and L 2 of the CR3BP formed by Saturn, Enceladus and the S/C. The search for these connections has been carried out in a systematic way by varying the energy of the progenitor Halo orbits. A planar, vectorial visualization of position and velocity components has facilitated the identification of intersections between HIMs originating from two orbits at a suitable Poincaré section. At the adopted energy discretisation (100 Halo orbits in each family covering a Jacobi constant range between 3.000055 and 3.000131), four trajectories with negligible position and velocity errors have been identified. Such errors represent a state mismatch at the Poincaré section between the stable and the unstable portion, but the magnitude is negligible (well below 1 km in position and less than 1 m/s in velocity) and can be dealt with during the navigation. Hence, these solutions can be regarded as maneuver free. They correspond to Jacobi constant values in the middle of the assumed range, hence they are associated with Halo orbits of intermediate size.
Although a refined search could widen the result set around these orbits, they can be considered representative and illustrative of the behaviour and performance of this type of solutions. On the other hand, it must be emphasized that HIM trajectories associated with large or small Halo orbits exhibit a large rate of collision with Enceladus or escape from the Hill sphere and are less likely to provide maneuver-free connections. The solutions of this work are characterized by times of flight in the range from 38 to 58 hours, large fractions of which are spent looping around Enceladus. The LPOs serve as departure and arrival gates for each transfer. Given their periodic character, they can be used as parking orbits between consecutive flights around the moon.
The inspection of the evolution of the osculating Keplerian elements has shown large variations of, in particular, the eccentricity and the inclination. At times, the former reaches escape values, which suggests the need for an appropriate navigation strategy, as expected for a chaotic system like the CR3BP and, even more so, in the light of the above mentioned escapes and collisions. The observed variations in inclination help achieve the objective of the work, i.e., the design of orbits with a significant out-of-plane motion and access to the polar regions of the moon. The distances from the surface vary between 150 and 1000 km. The speeds relative to an Enceladus-centered inertial frame are in the range 0.08 to 150 m/s, in good agreement with the reference values for Keplerian circular orbits in the same altitude interval, implying that the innovative aspect is not the low speed itself (which is however extremely convenient in the framework of an in situ mission), but the fact that these trajectories take into account the main perturbation acting on two-body orbits, i.e., the gravity of Saturn. In other words, the trajectories have been obtained in a dynamical model that can be considered realistic, hence accurate. An aspect that certainly deserves attention is the perturbation caused by the main harmonics of the gravity field of the two primaries, particularly the J 2 zonal term. This is the subject of on-going work.
The analysis of the observational performance of the proposed trajectories has shown that the complete surface of Enceladus is visible from the S/C and that uninterrupted windows of access to the southern polar region exist and extend over several hours, the specific duration depending on altitude: for example, in the heteroclinic from the Northern Halo around L 1 to the Northern Halo around L 2 (type A) at C J = 3.000118 the south pole is seen during two hours from below 400 km altitude, whereas in the solution connecting a Northern Halo with a Southern Halo at L 1 (type C) with C J = 3.000072 the south pole is visible for over 20 hours distributed along four windows at different altitudes. The detailed assessment of the time of overflight (defined as the time spent by the S/C above the local horizon) of a regular grid of points over the surface has been expressed in the form of geographical color maps. These maps show that the local cumulative visibility is never shorter than 4 hours (polar regions) with peaks of 20 or even 40 hours for wide equatorial bands (up to ± 60 degrees latitude). Eventually, the ground tracks help understand the motion of the S/C with respect to the surface. This motion (computed taking into account the spin rate of the moon) exhibits both prograde and retrograde components, a fact that reflects the large variations in the osculating Keplerian elements in this dynamical model.
In conclusion, the trajectories designed and studied in this investigation exhibit appealing properties that make them suitable science orbits for a future mission aiming at giving answers to our fundamental questions regarding the origin and nature of the peculiar features detected at Enceladus. 
